Background: High motility of aggressive breast cancer cells is associated with high SLUG and low plakoglobin levels. Results: SLUG binds to plakoglobin gene promoter and represses its expression. Conclusion: SLUG-induced increase in breast cancer cell motility is due to repression of plakoglobin by SLUG. Significance: Management of SLUG level should diminish the motility and thus aggressiveness in breast cancer cells.
Breast cancer cells with the triple-negative phenotype (TNBC) 2 lack estrogen, progesterone, and ERBB2 receptors and represent one of the most aggressive and difficult to treat subtypes of human breast cancer (1, 2) . TNBC is highly overrepresented in the African American breast cancer patients (1, 2) . The genetic and molecular basis for this incidence and the biological basis for the aggressiveness of TNBCs are largely unknown and of high priority (3) (4) (5) (6) . The transcription factor SLUG, which controls epithelial to mesenchymal transition, stem cell phenotypes, and therapeutic responsiveness (7) (8) (9) , is highly expressed in the highly aggressive basal and mesenchymal subtypes of the TNBC cells (1, 10) , making it a candidate master regulator of the TNBC phenotype. The uncanny ability of the TNBC cells to metastasize to other vital tissues and organs causes severe pain and mortality in the TNBC patients (3) (4) (5) (6) . The ability of these cells to breach the basement membrane of epithelial barriers and migrate distinguishes highly metastatic TNBC cells from the non-metastatic breast cancer cells (5, 6) . We postulate that transcriptional repression of few key cell adhesion and migration regulatory protein genes by SLUG in the basal and mesenchymal subtypes of the TNBC cells contributes toward the metastatic behavior of these cells, and targeted inhibition of SLUG should reverse the process.
SLUG, also known as SNAI2, is a member of the SNAI superfamily of zinc finger transcriptional repressors (7) (8) (9) . It is a C 2 H 2 -type zinc finger transcription factor that binds to E2-box motif (5Ј-CAGGTG-3Ј/5Ј-CACCTG-3Ј) and silences gene expression by chromatin remodeling (7) (8) (9) . SLUG has essential SNAG and SLUG motifs in its repressor domain that mediate its repressor activity (7) (8) (9) . SLUG is shown to repress many genes including E-cadherin, BRCA2, cytokeratins, UbE2D3, and vitamin D receptor (11) (12) (13) (14) (15) . SLUG is reported recently to coordinate with another transcription factor SOX9 and thus to determine the stem cell-ness of aggressive breast cancer cells (16) . Although coordinated repression of several cell-cell junction proteins and other associated molecules by SLUG is implicated as the cumulative cause for SLUG-induced invasiveness of breast cancer cells (7) (8) (9) , it is not known how dysregulation in SLUG expression increases the motility of these cells.
Out of several epithelial cell molecules implicated in the direct or indirect regulation of cellular motility, the catenin molecule plakoglobin stands out as a major player in negatively regulating the motility of these cells (17) (18) (19) (20) (21) (22) (23) . Plakoglobin (also known as junction plakoglobin (JUP)) is a member of the armadillo family of proteins and a close relative of ␤-catenin (24) . Plakoglobin comprises 12 central armadillo repeats, which are flanked by N-and C-terminal domains (17) (18) (19) . By interacting with both the desmosomal cadherins and the N terminus of desmoplakin, plakoglobin is positioned to play a role in linking intermediate filaments to the desmosomal plaque (17) (18) (19) . Recent report indicates that plakoglobin not only inhibits motility of keratinocytes in contact but also inhibits Src-dependent single cell motility (17) . These results indicate that plakoglobin is capable of regulating single cell motility through matrix deposition in concert with Rho GTPases independently of its role as a cell-cell adhesion molecule (17, 18) .
Using isogenic breast cancer cell systems, we have shown here that the motility of human breast cancer cells is directly related to their SLUG levels. Evidence presented here suggests that SLUG regulates the motility of these cells by directly suppressing the transcription of the plakoglobin gene through chromatin remodeling. We also have shown that knockdown of plakoglobin in the SLUG-negative breast cancer cells leads to the rearrangement of the actin filaments and formation of actin-rich membrane ruffling resembling invadopodia (25) (26) (27) . Forced expression of plakoglobin in the SLUG-high breast cancer cells has the similar effect on their motility as that with SLUG knockdown.
EXPERIMENTAL PROCEDURES
Cell Culture and Reagents-All the cells used in this study were procured from American Type Culture Collection (ATCC, Manassas, VA) and were cultured in ATCC-recommended media (12) . Briefly, MCF7, MDA-MB-453, M4A4, NM2C5, and BT20 cells were cultured in DMEM medium with 10% fetal bovine serum (FBS; Atlanta Biologicals, Lawrenceville, GA); MDA-MB-468 and MDA-MB-231 cells were grown in L15 medium with 10% FBS, whereas HCC1419, ZR7530, HCC1187, and BT549 cells were cultured in RPMI 1640 medium with 10% FBS. Authentications of the cell lines are routinely performed in our laboratory following the instructions provided in ATCC Bulletin 8. Mouse anti-FLAG M2 antibody was purchased from Sigma. Rabbit anti-SLUG (C19G7) and rabbit anti-JUP (2309S) antibodies were purchased from Cell Signaling Technology (Danvers, MA). Rabbit anti-SLUG (H-140) for chromatin immunoprecipitation assay and mouse anti SLUG (A-71) antibody for Western blotting and immunofluorescence microscopy were procured from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Rabbit anti-CtBP1 (C-terminal binding protein-1), anti-HDAC1 (histone deacetylase-1), histone H3 (Lys-9 and Lys-14), and acetylated histone H4 (Lys5, Lys8, Lys12, and Lys16) antibodies were purchased from Upstate Millipore (Burlington, MA). Rabbit monoclonal antibody (#3879, Cell Signaling Technology) against SNAIL (CD15D3) was used to detect SNAIL in the Western blots. Rabbit antibody against ␣-actinin 4 (ab108198) and mouse antibody against non-muscle myosin IIA (ab55456) were procured from AbCam (Cambridge, MA). Human SLUG coding sequence (open reading frame (ORF)) was amplified (12) from the RNA isolated from BT549 cells using SLUG-specific primers (supplemental Table S1 ). The amplified cDNA (831 bp) was sequence-verified, digested with ClaI/BamHI, and cloned at the ClaI/BamHI sites of p3XFLAG-CMV-14 plasmid (Sigma). MCF7 and MDA-MB-468 cells were transfected with the SLUG ORF construct using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. After 48 h, cells were plated in G418-containing medium to select a stable cell population expressing SLUG. The non-functional mutant of SLUG, in which the SLUG domain amino acid sequence PSDTSSK was changed to AAAAAAA, was generated from the wild-type SLUG construct as a template using recombination PCR and cloned into the BamHI/ClaI site of the multiple cloning site of p3XFLAG-CMV-14 vector (Sigma). Briefly, the wild-type SLUG construct was used as a template to amplify overlapping fragments template 1 (T1) and template 2 (T2) using specifically designed primers (supplemental Table  S1 ). The mutated nucleotides are underlined. The gel-purified amplicons (T1 and T2) were used as templates to perform recombination PCR to generate the mutant. The gel-purified mutant amplicon was digested with BamHI and ClaI and column-purified. The amplicon was then cloned at the BamHI/ ClaI sites of p3XFLAG-CMV14 plasmid (Sigma). Human plakoglobin ORF cloned in the plasmid pcDNA3.0 (plasmid number 16827) was procured from Addgene (28) and was used to transiently express plakoglobin in the BT549 cells. The efficiency of expression of the cloned mRNAs and proteins in the recombinant cells was evaluated by real-time RT-PCR and Western blot analysis, respectively (12) .
Expression of Recombinant Proteins in Breast Cancer Cells-
Knockdown of SLUG and Plakoglobin Gene Expression-SLUG-specific stealth siRNAs and corresponding control siRNAs were designed using the Block-IT RNAi designer software (Invitrogen) and were procured from Invitrogen (supplemental Table S2 ). Plakoglobin siRNA (#6226) and control siRNA (#6568S) were procured from Cell Signaling Technology. We also designed stealth siRNAs against human plakoglobin (supplemental Table S2 ), and they had comparable efficacies to knockdown the plakoglobin gene (data not shown). Transfection of these siRNAs into the breast cancer cells was done by lipofection using Lipofectamine 2000 (Invitrogen) according to manufacturer's protocol (12) . Briefly, cells were transfected at ϳ50% confluency using 100 pmol of the siRNA in 6-well plates, and whole-cell lysates were prepared 48 h after transfection. RNA was isolated from these cells using TRIzol (Invitrogen). The efficiency of knockdown of the target genes was evaluated by real-time RT-PCR and immunoblot analysis (12, 29) .
Real-time RT-PCR Analysis-Total RNA was isolated from the cultured cells using TRIzol reagent (Invitrogen). RNA was further treated with RNase-free DNase (Invitrogen) to get rid of any DNA contamination. The cDNA was synthesized from 1 g of DNase-treated RNA using the iScript cDNA synthesis reagents (Bio-Rad). Real-time RT-PCR quantification was per-formed following standard protocols using SYBR Green dye (Bio-Rad). The sequences of the primers used for quantitative PCR are shown in the supplemental Table S2 . RT-PCR was performed in the iCycler (Bio-Rad) as described (12, 29) . The -fold change over control samples was calculated using Ct, ⌬Ct, and ⌬⌬Ct values (12, 29) . ␤-Actin RNA was used as an internal control.
Immunoblot Analysis-Whole cell extracts were obtained according to our standard protocol and probed with appropriate antibodies as described previously (12) . Antibodies were used at a 1:1000 dilution. The antibody-protein complexes were visualized using horseradish peroxidase-conjugated goat anti-rabbit antibody following enhanced chemiluminescence method (12) .
Dual Luciferase Reporter Assay-We PCR-amplified human plakoglobin gene promoter (-447 to ϩ761, NM_021991; supplemental nucleotide sequences) from DNA isolated from BT549 cells with specific primers (supplemental Table S2 ). This promoter sequence has six E2 boxes. The amplified DNA was cloned into the pCR4.0/TOPO plasmid (Invitrogen) and subsequently subcloned into the EcoRI site of pRL-Null plasmid (Promega, Madison, WI). Colony PCR was performed to select forward and reverse orientation clones of the promoter DNA in pRL-Null. Cells were seeded on 24-well tissue culture plates in triplicate and allowed to grow overnight to reach 90 -95% confluency. The following day cells were transfected with pGL3-Control plasmid (Promega) and pRL-JUP promoter construct plasmid using Lipofectamine 2000 transfection reagent (Invitrogen). Forty-eight hours later, luciferase activity was measured using the Dual Luciferase reporter assay reagents (Promega) (12) . Renilla luciferase activity was normalized with firefly luciferase activity as described (12) .
Chromatin Immunoprecipitation (ChIP) Assay-ChIP assay was performed as described previously (12) . A chromatin pulldown assay was performed using antibodies against human SLUG (H140), CtBP1, HDAC1, and acetylated histones H3 and H4. For quantitative ChIP analysis, SLUG was knocked down with different stealth siRNAs (supplemental Table S1 ) in MDA-MB-231 and BT549 cells for 48 h (12). Knockdown of SLUG was evaluated by real-time RT-PCR, and Western blot analysis and subsequently ChIP assay was performed. Real-time PCR was performed using primers described in supplemental Table  S2 . Real-time RT-PCR data for antibody-bound fractions were compared with a 1:10 dilution of input DNA.
Decoy Treatment-The design, synthesis, and biochemical characterization of the double-stranded (ds)-DNA decoy against SLUG is described under "Results." To form the dsDNA decoy, equimolar amounts of the complementary and antiparallel single-stranded oligonucleotides were dissolved in sterile TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0, and annealed for 3 h during which time the temperature was reduced from 90 to 25°C. Synthetic dsDNA decoy (25 nM) was used for the transfection of human SLUG-high breast cancer cells using Lipofectamine. Forty-eight hours after transfection, protein and RNA were isolated from the transfected cells, and the levels of SLUG, plakoglobin, and ␤-actin mRNAs and proteins were evaluated. For promoter activity assay, the cells were co-transfected with the promoter construct, the pGL3-Control plasmid, and the dsDNA decoy. A dual luciferase assay was performed with the cell extract from the transfected cells 48 h after incubation under growth conditions (12) .
Streptavidin Pulldown Assay-SLUG-high breast cancer cells MDA-MB-231 and BT549 were used for this experiment. Nuclear and cytoplasmic fractions were isolated using NE-PER nuclear, and cytoplasmic protein extraction reagents were from Thermo Fisher (Pittsburg, PA) following their protocol. The identity of the fractions was determined by standard assays (29) . The levels of SLUG and SNAIL in the nuclear extracts were evaluated by Western blotting (12) . For the evaluation of the binding of the dsDNA decoy to SLUG or SNAIL in the nuclear extracts, 5 pmol of the annealed 5Ј-biotinylated wild-type or mutated decoy was incubated with gentle rocking with 20 g of proteins of the nuclear fraction in TBST (50 mM Tris⅐HCl, pH 7.4, 150 mM NaCl, 0.1% Tween 20) overnight at 4°C. To pull down the protein-bound biotinylated dsDNA decoy, 50 l of streptavidin magnetic bead (Thermo Fisher) slurry in TBST was added to the reaction mixture and incubated for 1 h at room temperature. Beads were then collected by magnetic separation, and residual non-bead fraction was collected for the evaluation of SLUG or SNAIL. The beads were washed three times with TBST before elution of the bound proteins from the streptavidin-coated beads by boiling (10 min) with 1ϫ Laemmli SDS sample buffer (5ϫ; 60 mM Tris-Cl, pH 6.8, 2% SDS, 10% glycerol, 5% ␤-mercaptoethanol, 0.01% bromphenol blue).
Transwell Migration Assay-For the transwell migration assay to determine the motility of the breast cancer cells, 5 ϫ 10 4 cells were plated in 100 l of serum-free medium in the upper chamber of the transwell plates. Complete medium was used in the lower chamber of the plates. Cells were then incubated at 37°C for 24 h to allow cell migration through the membrane. The migrated cells were then fixed with formaldehyde and stained with 1% crystal violet. Cells were counted under the microscope (20ϫ magnification objective lens), and the average of the data from six independent experiments was computed.
Cell Culture Wound Healing Assay-Wounds were created in confluent cell cultures in 24-well plates using a pipette tip. The cells were then rinsed with PBS to remove any free-floating cells and debris. Serum-free medium was then added, and culture plates were incubated at 37°C. The width of the wound was evaluated at 0, 24, 48, and 72 h within the scrap line, and representative scrape lines for each set were photographed. Duplicate wells of each condition were examined for each experiment, and each experiment was repeated 6 times.
Immunohistochemistry for Tissue Microarray Analysis-Immunohistochemistry was performed as described (12) using tissue microarray procured from US Biomax (BR1503a). Identification of the spots are according to the datasheet (see supplemental Fig. S1 and tissue microarray data). A tissue microarray slide was incubated in primary antibodies (rabbit SLUG and mouse plakoglobin; 1:100) overnight at 4°C, and thereafter the slide was washed 3 times with PBS. It was further incubated with the corresponding Alexafluor-conjugated secondary antibodies (donkey anti-rabbit R488 and donkey antimouse R555; Invitrogen) for 1 h at room temperature. The slide was again washed 5 times with PBS, embedded in glycerol/PBS-based mounting medium, and examined for painted cells using a fluorescent microscope (Nikon TE2000-E).
Immunofluorescence Confocal Microscopy-Immunofluorescence staining and confocal analyses were performed as described (12) . In brief, cells were cultured on coverslips in 24-well plates for 24 h, rinsed with ice-cold PBS, fixed with 3.7% formaldehyde for 30 min, washed three times with PBS, and fixed in ice-cold methanol for 10 min. Cells were permeabilized with 0.2% Triton X-100 in PBS for 10 min. Thereafter, the cells were washed 3 times with ice-cold PBS. The slides were blocked in PBS containing 5% goat serum and then were incubated with primary antibodies (SLUG 1:400, plakoglobin 1:400, ␤-actin 1:1000) overnight at 4°C in the blocking buffer. Slides were then washed 5 times with PBS followed by incubation for 45 min with the respective Alexafluor-conjugated secondary antibody. The slides were again washed 3 times with PBS, nuclei were stained with TOPRO (1:1000 in PBS) for 5 min, and the slides were washed again with PBS, embedded in glycerol/PBSbased mounting medium, and examined for painted cells using a fluorescent microscope (Nikon TE2000-E). Confocal images were obtained with a Nikon TE2000-UC1 laser-scanning microscope (12) . Immunofluorescence images were quantitated in a Nikon TE2000-E inverted wide-field microscope using NIS AR software (Nikon, Melville, NY).
Statistical Analysis-Each experiment was repeated 4 -6 times. Results are expressed as the means Ϯ S.E. Statistical analyses were performed using GraphPad Prism software. p values were calculated using the two-sided Student's t test (paired or unpaired, as appropriate) and analysis of variance test for significance. p values of Ͻ0.05 and Ͻ0.01 were considered as significant.
RESULTS

SLUG Level and in Vitro Motility Are Directly Correlated in
Human Breast Cancer Cells-High motility is usually associated with oncogenic epithelial cells expressing high levels of the SLUG protein (8, 30 -33) . Here we present direct evidence with isogenic cell systems that the level of SLUG is indeed directly correlated with in vitro motility of human breast cancer cells. We selected three non-metastatic non-TNBC (MCF7, MDA-MB-468, and T47D) and two highly metastatic TNBC (MDA-MB-231 and BT549) cell lines and evaluated SLUG mRNA (supplemental Fig. S2A ) and protein (supplemental Fig. S2 , B and C) levels in them. As expected, the non-invasive cells are negative or low in SLUG mRNA and protein levels, whereas the invasive cells tested are high in SLUG (supplemental Fig. S2 ). Relative motility of the SLUG-high cells, as determined by transwell assay, was also significantly higher than that of the SLUGlow cells (Fig. 1A) . Recently, high levels of SLUG have been reported in the basal and the mesenchymal subtypes of several human TNBC primary tissues (see supplemental We then evaluated the effect of ectopic expression of SLUG in the SLUG-negative human breast cancer cells on their in vitro motility. We expressed C-terminal FLAG-tagged human SLUG in the SLUG-negative MCF7, MDA-MB-468, and T47D cells and evaluated the levels of SLUG in these cells (supplemental Fig. S3, A-C) . Western blot analysis of the levels of SLUG in the vector-transfected and SLUG-overexpressing MDA-MB-468 cells is shown in supplemental Fig. S3 , B and C. An increase in the SLUG levels was also noted in the MCF7 and T47D cells (data not shown). Two methods were employed to evaluate the in vitro motility of the vector transfected and the SLUG-expressing breast cancer cells. Data for the evaluation of in vitro motility in the "scratch" assay of the control and the SLUG-expressing MDA-MB-468 cells are shown in Fig. 1B . The motility of the SLUG-expressing cells was significantly higher than the vector-transfected cells (Fig. 1B) . Similar results were obtained with the other cells tested. Transwell migration assay also revealed a significant increase in the relative motility of human breast cancer cells ectopically expressing SLUG as compared with the corresponding vector-transfected cells (Fig.  1C) . These data support our hypothesis that breast cancer cell motility is increased by the dysregulation of SLUG expression in these cells.
We further verified this hypothesis by knocking down SLUG in the SLUG-high human breast cancer cells and evaluating their in vitro motility. We knocked down SLUG with two different stealth siRNAs as described (12) in the SLUG-high MDA-MB-231 and BT549 cells and evaluated the levels of SLUG in these cells. Data for the stealth siRNA#1 (supplemental Table S2 ) are shown (supplemental Fig. S4, A-C) . Western blot analysis of the levels of SLUG in the control and SLUG siRNA-treated MDA-MB-231 cells are shown in supplemental Fig. S4 , B and C. A decrease in the SLUG levels was also noted in the BT549 cells (data not shown). Again, we evaluated the in vitro motility of the control and the SLUG siRNA-treated breast cancer cells by two independent methods. Evaluation of in vitro motility by the scratch assay of the control and the SLUGknocked down MDA-MB-231 cells revealed a significant decrease in the motility of these cells (Fig. 1D) . Similar results were obtained with the other cells tested. A significant decrease in the relative motility of the SLUG-knocked down human breast cancer cells was also noted by the transwell migration assay (Fig. 1E) . These data further strengthen our notion that breast cancer cell motility is regulated by SLUG in these cells.
Intracellular Levels of SLUG and Motility Regulatory Protein Plakoglobin Are Inversely Related in Breast Cancer Cells and
Tissues-As mentioned above, the armadillo motif-containing protein plakoglobin is known to negatively regulate the motility of epithelial cells (17) (18) (19) (20) (21) (22) (23) . Because SLUG in the breast cancer cells regulates the motility of these cells, we hypothesized that SLUG represses plakoglobin gene in these cells to increase their motility. Toward testing this hypothesis, our initial effort was to evaluate whether plakoglobin levels in the breast cancer cells are inversely related to the level of SLUG in these cells. We tested several breast cancer cell lines for their SLUG and plakoglobin mRNA and protein levels. We found that indeed, higher the levels of SLUG, the lower the levels of plakoglobin in these cells (Fig. 2, A-C) . Immunofluorescence confocal microscopy also validated our notion that lower plakoglobin level is associated with high levels of SLUG in the highly motile MDA-MB-231 and BT549 cells (Fig. 2, D and E) . Immunofluorescence imaging analysis of human malignant breast tissue microarray also revealed a large number of SLUG-high cells in the tumor samples that lack plakoglobin (green staining cells in the overlay images, Fig. 2, F and G, and supplemental Fig. S1 ). There are also cells in the tumor tissues that are rich in plakoglobin and lack SLUG (red staining cells in the overlay images (Fig. 2, F and G, and supplemental Fig. S1 ) as expected. In the breast tumor samples there are apparently cells that stained orange to yellow, possibly indicating cells that have both SLUG and plakoglobin (orange-yellow staining cells in the overlay images, Fig. 2, F and G, and supplemental Fig. S1 ). These cells may represent intermediate cells where SLUG expression occurs, but SLUG is not functional as a repressor because of the possibility of missing downstream regulators of SLUG. These preliminary analysis data thus indicate inverse relationship between SLUG and plakoglobin also in the human breast cancer tissues, suggesting physiological relevance of our finding.
To test our hypothesis further we ectopically expressed functional and non-functional SLUG (see the supplemental amino acid sequences) in the SLUG-negative plakoglobin-high breast cancer cells and evaluated their plakoglobin levels. As expected, stable ectopic expression of functionally active wild-type SLUG but not that of the functionally inactive mutated SLUG in the SLUG-negative cells knocked down the plakoglobin mRNA levels in these cells (Fig. 3A) . Unfortunately, these cells with stable expression of SLUG gradually lost the SLUG protein and became SLUG-negative after four-five generations. Although we found that proteasomal degradation of SLUG was responsible for the disappearance of recombinant SLUG in these cells, we do not know the exact mechanism of this degradation. Transient expression of SLUG in the SLUG-negative MDA-MB-468 and MCF7 cells also showed down-regulation of plakoglobin protein in these cells (Fig. 3, B and C) . Immunofluorescence confocal microscopic analysis data showed that transient ectopic expression of SLUG in the MDA-MB-468 cells resulted in the down-regulation of plakoglobin only in those cells that have abundant expression of SLUG (red staining in the nucleus) but not in the cells that lack the recombinant SLUG (Fig. 3, D and E). Ectopic expression of the non-functional SLUG protein in the MCF7 cells did not down-regulate the plakoglobin level in these cells (Fig. 3, F and G) further suggesting the functional repression of plakoglobin by SLUG.
We knocked down SLUG in the SLUG-high MDA-MB-231 and BT549 cells to verify whether this action increased plakoglobin levels in these cells. SLUG knockdown in these cells significantly increased the levels of plakoglobin mRNA (Fig. 4A) and protein (Fig. 4, B and C) as expected. We also documented the increase of plakoglobin protein in the SLUG-knocked down MDA-MB-231 cells by immunofluorescence confocal microscopy (Fig. 4, D and E) . We repeated our experiment with two different stealth siRNAs against SLUG with MDA-MB-231 and BT549 cells and obtained similar results. These data conclude that the levels of SLUG and plakoglobin in the breast cancer cells tested are inversely related and point toward the hypothesis that SLUG induces increased motility in the aggressive breast cancer cells through the repression of plakoglobin gene expression.
SLUG Binds to and Inhibits Activity of Plakoglobin Gene Promoter in Human Breast
Cancer Cells-To evaluate the mode of action of SLUG in the repression of plakoglobin level in human breast cancer cells, we studied the binding to and inhibition of the promoter of plakoglobin gene in these cells. Our initial promoter array analysis experiment to identify gene promoters that bind to SLUG in human breast cancer cells revealed plakoglobin gene as a candidate (12) . A quantitative chromatin immunoprecipitation assay further verified the binding of SLUG to the plakoglobin gene promoter in the nucleus of MDA-MB-231 and BT549 cells, which is inhibited significantly when SLUG is knocked down in these cells (Fig. 5A) . As expected, the co-recruitment of the co-repressor CtBP1 and the effector HDAC1 at the plakoglobin gene promoter was also decreased significantly due to the knockdown of SLUG in the SLUG-high BT549 cells (Fig. 5B) . The levels of acetylated histones at this promoter were increased in SLUG-knocked down BT549 cells (Fig. 5C ). The deacetylation of histones at the plakoglobin gene promoter was also decreased by preincubation of the BT549 cells with the HDAC1 inhibitor trichostatin A (data not shown), further indicating the involvement of HDAC1 in the repression process. We have shown previously that SLUG inhibits the expression of its target genes by binding to its promoter and through the recruitment of the co-repressor CtBP1 and the effector HDAC1, which deacetylate the nucleosomal histones at the target gene promoter (12, 13) . Our data presented here thus indicate that SLUG similarly represses plakoglobin gene expression by hetero-chromatinization of this gene promoter (supplemental Fig. S5 ).
To further evaluate the inhibition of plakoglobin gene promoter activity by SLUG, we tested the activity of the cloned human plakoglobin gene promoter in SLUG-manipulated isogenic breast cancer cell systems. We cloned the 1208-bp plakoglobin promoter (Ϫ447 to ϩ761 with respect to the transcription start site) in the forward or the reverse orientation with respect to the Renilla luciferase reporter gene in pRL-Null plasmid. We found that the orientation-specific activity of the cloned plakoglobin gene promoter is significantly higher in the SLUG-negative MCF7 and MDA-MB-468 cells as compared with that in the SLUG-high MDA-MB-231 and BT549 cells (Fig. 5D ). Ectopic expression of wild-type SLUG but not the functionally inactive mutated SLUG in the SLUG-negative MCF7 and MDA-MB-468 cells inhibited the plakoglobin gene promoter activity significantly (Fig. 5E) . In contrast, knockdown of SLUG in the SLUG-high MDA-MB-231 and BT549 cells increased the activity of the cloned plakoglobin gene promoter (Fig. 5F ). The cloned plakoglobin gene promoter has six E2-box sequences that are potential SLUG binding sites. Sitedirected mutagenesis of individual E2-box sequences to 5Ј-TA-AATT-3Ј did not affect the activity of the promoter significantly (data not shown), suggesting probable action of SLUG through multiple E2-box sequences at this promoter. These data indicate direct involvement of SLUG in the inhibition of plakoglobin gene promoter in the SLUG-expressing human breast cells.
Double-stranded DNA Decoy Developed against SLUG Alleviated SLUG Repression of Plakoglobin Gene in SLUG-high
Breast Cancer Cells-To validate the E2-box-dependent mode of action of SLUG to repress plakoglobin gene in human breast cells, we developed a SLUG binding double-stranded DNA molecular decoy. We have shown previously that SLUG inhibits vitamin D receptor gene promoter through its binding to the E2-box sequences of this promoter (13) . We selected a 40-bp sequence from the human vitamin D3 receptor gene promoter that has two SLUG binding E2-box (5Ј-CACCTG-3Ј/3Ј-CAG-GTG-5Ј) sequences (Fig. 6A) . We custom synthesized individual oligonucleotides with a terminal five nucleotides having phosphorothioate groups to make these oligonucleotides resistant to the exonucleases (Fig. 6A) . We also custom-synthesized the corresponding oligonucleotides with mutation at the two E2-box sequences to be used as a control (Fig. 6A) . Using 5Ј-end biotin-tagged dsDNA decoys, we performed EMSA analysis with nuclear extract isolated from MDA-MB-231 cells. The probe binds tightly with proteins in the extract (Fig. 6B) . This binding could be inhibited by unlabeled probe indicating specificity of binding (Fig. 6B ). E-box-mutated dsDNA decoy failed to bind this protein in the EMSA assay (Fig. 6B) . A supershift assay with the SLUG antibody indicated that the binding protein included SLUG (data not shown). We performed pulldown assay with streptavidin-coated paramagnetic particles to further evaluate the binding of SLUG to wild-type dsDNA decoy. Biotin-tagged dsDNA decoy was incubated with nuclear extract isolated from SLUG-high MDA-MB-231 cells. As expected, the transcriptional repressor protein SLUG was almost exclusively present in the nuclear fraction (Fig. 6Ci) . The wild-type decoy but not the E2-box-mutated decoy could pulldown SLUG from the nuclear fraction (Fig. 6Cii) . Evaluation of the supernatant after the pulldown for SLUG revealed little left in the supernatant from the wild-type dsDNA decoy experiment (Fig. 6Ciii) . A similar experiment done for SNAIL binding to the decoy with the same nuclear extract revealed less binding of this isofunctional transcriptional repressor protein to the dsDNA decoy for SLUG (Fig. 6D) . These experiments suggest relative specificity of the dsDNA decoy for SLUG binding.
We tested the ability of the wild-type dsDNA decoy developed against SLUG to alleviate the repression of plakoglobin gene expression in the MDA-MB-231 cells. Treatment of the cells with the wild-type decoy but not the E2-box mutated decoy significantly increased the levels of plakoglobin mRNA (Fig. 7A) and protein without affecting SLUG protein levels (Fig. 7, B and C) . Up-regulation of plakoglobin protein in the MDA-MB-231 cells treated with the wild-type dsDNA decoy was also revealed by immunofluorescence confocal microscopy (Fig. 7, D and E) . The wild-type decoy, but not the mutant decoy, could significantly increase the activity of plakoglobin gene promoter in the MDA-MB-231 cells (Fig. 7F ). These experiments were repeated with BT549 cells, and similar results were obtained. These data further support our conclusion that SLUG represses plakoglobin gene expression in the aggressive breast cancer cells.
Forced Alteration of Plakoglobin Levels in Human Breast Cancer Cells with or without SLUG Altered Their in Vitro
Motility-Our data presented above implicated higher levels of plakoglobin in the SLUG-negative human breast cancer cells as the cause of their lower in vitro motility. To verify the correlation of plakoglobin level and motility, we knocked down plakoglobin in SLUG-negative MCF7 and MDA-MB-468 cells with siRNA and evaluated their motility. The siRNA used successfully knocked down the levels of plakoglobin mRNA (supplemental Fig. S6A ) and protein (supplemental Fig. S6 , B and C) levels in these cells. Plakoglobin knockdown significantly increased the relative in vitro motility of these cells (Fig. 8,  A-C) . We also forced expressed plakoglobin in the SLUG-high BT549 cells (supplemental Fig. S7 ) and evaluated the effect of such expression on the motility of these cells. Ectopic expression of plakoglobin significantly decreased the relative in vitro motility of these cells (Fig. 8, D and E) . These data thus support our conclusion that plakoglobin knockdown in the SLUG-high breast cancer cells is responsible for their higher motility. Interestingly, our immunofluorescence confocal microscopy data generated with the plakoglobin-knocked down MCF7 and MDA-MB-468 cells revealed reorganization of actin filaments in these cells, which is the hallmark of increased motility. These data suggest that the knockdown of plakoglobin reorganizes actin filaments in the MDA-MB-468 (Fig. 9, A and B) and MCF7 (Fig. 9C) cells showing invadopodia-like projections emanated from the plakoglobin-knocked down cells and not from the cells with plakoglobin expression (Fig. 9) . Forced expression of plakoglobin in the SLUG-high BT549 cells showed significant changes in cell morphology and actin filament profile (Fig. 9D) . Because actin filament reorganization in the highly motile metastatic cancer cells is also associated with higher levels of actinin and myosin heavy chain 9 (MyH9) proteins (30), we evaluated the relative levels of these two proteins in the plakoglobin-knocked down MCF7 cells. Western blot analysis showed significant increase in the levels of ␣-actinin 4 and MyH9 proteins in the plakoglobin-knocked down cells (Fig.  10, A and B) . Immunofluorescence confocal microscopy also shows significant increases in the levels of these proteins in the plakoglobin-knocked down MCF7 cells (Fig. 10, C-F) . These data further support our notion that SLUG-induced repression of plakoglobin gene in the SLUG-high breast cancer cells causes increased motility of these cells, contributing toward their aggressiveness.
DISCUSSION
The transcriptional repressor protein SLUG is implicated in several key aspects of metastasis in the epithelial cancer cells (7) (8) (9) . It is shown to participate in epithelial to mesenchymal transition through the repression of the cell-cell adhesion molecule E-cadherin (11) . It promotes cancer cell growth by direct inhibition of the tumor suppressor protein BRCA2 (15) and by indirect stimulation of cyclin D1 levels through the repression of cyclin D1 ubiquitinating enzyme UbE2D3 (12) . It inhibits PUMA to block the induction of anoikis in the cancer cells (31) (32) (33) . Although cancer cells with abnormally high levels of SLUG protein are highly motile (8, (35) (36) (37) (38) , direct association of SLUG with cellular motility is not established until our study. Using the isogenic breast cancer cell system, we have shown here that the motility of the SLUG-negative cells is increased significantly with the expression of SLUG in these cells. The increase in cellular motility is contingent upon the repressor function of SLUG, as a non-functional mutant of SLUG failed to increase the motility of these cells. These data suggest that transcriptional suppression of one or more genes by SLUG is responsible for the increase in the motility of the transfected breast cancer cells. We further verified that SLUG is responsible for the increased motility of the SLUG-high breast cancer cells by knocking down SLUG in these cells and showing the decrease in the motility of the SLUG-knocked down cells.
To be metastatic, the breast cancer cells must have a higher motility rate. Motility of the transformed epithelial cancer cells is increased through the trigger of formation of membrane ruffles known as invadopodia (25) (26) (27) . Among the proteins that are attributed to control the motility of epithelial cells, the catenin protein plakoglobin is implicated as having the central role (17) (18) (19) (20) (21) (22) (23) . A high plakoglobin level in the cells is translated to lower motility and vice versa (17) (18) (19) (20) (21) (22) (23) . Our data show that SLUG-negative non-aggressive breast cancer cells express high levels of plakoglobin. Ectopic expression of SLUG in these cells suppressed the levels of plakoglobin, increasing their motility. On the other hand, knockdown of SLUG in the SLUG-high breast cancer cells increased the plakoglobin level and decreased the motility of these cells. This inverse relationship between SLUG and plakoglobin led to our hypothesis that negative regulation of plakoglobin by SLUG increases the motility of the SLUG-high breast cancer cells. Although causal relationship was not established, inverse relationship between SLUG and plakoglobin was also reported in other cancer cells including human pancreatic (39) and colon cancer (40) .
To evaluate direct inhibition of plakoglobin gene expression by SLUG, we studied the binding and activity of SLUG to human plakoglobin gene promoter. SLUG is shown to bind to the E2-box sequences at its target gene promoters through its zinc finger domains and recruits co-repressor CtBP1 and the effector HDAC1 to heterochromatinize the promoter DNA, thus to silence the expression of the gene (12, 13, 15) . In this report we have shown that SLUG binds to the plakoglobin gene promoter in vivo and inhibits plakoglobin promoter activity in SLUG-expressing human breast cells through chromatin remodeling. Our study also validated that the unique seven- amino acid SLUG motif located at the repressor domain of human SLUG protein is critical for its repressor function, as mutation of this motif abolished the ability of SLUG to inhibit plakoglobin gene promoter activity. The biochemical role of this motif of SLUG in its repressor activity is not known. We found that although this motif has similarity with the classical CtBP1 binding sequence (41, 42) , this sequence of SLUG is not responsible for CtBP1 binding (43) . 3 Our study also reflects upon the importance of E2-box binding of SLUG and its repressor activity. We developed an exonuclease-resistant dsDNA decoy against SLUG that has two E2-box sequences. This decoy E-box dependently binds preferentially to SLUG but not to the similar E2-box-binding protein SNAIL in the breast cancer cells, suggesting potential role of the context sequences around the E2-boxes in determining the specificity. Through in vitro studies we have established the proof of concept that this decoy may be used as a potential drug to inhibit SLUG function in vivo. Such dsDNA decoys are developed against several transcription factors and are being used to successfully treat several experimental diseases (44 -49) .
To establish further that inhibition of plakoglobin gene alone in the SLUG-negative cells will increase the cellular motility, we knocked down plakoglobin mRNA in these cells by RNA interference. Our data indicated that knockdown of plakoglobin did indeed increase the motility of these cells. We also have shown that knockdown of plakoglobin changes the actin filaments of the cells, indicating the appearance of stress fibers within the cells and increasing the ruffled appearance on the periphery of the plakoglobin-knocked down cells. These phenotypes are indicative of induction of motile behavior of the cells (25) (26) (27) and supports our notion that knockdown of plakoglobin is directly responsible for the increase in the motility of these cells.
Several extracellular signals are known to trigger the induction of extracellular signal-regulated kinases (ERKs), which 3 C. K. Bailey, M. K. Mittal, and G. Chaudhuri, unpublished information. then induce the expression of the transcription factors FRA1 and cJUN (34) . These transcription factors are shown to induce SLUG gene expression in human breast cancer cells (34) . Induction of ERKs is implicated for increased breast cancer cell motility through the induction of SLUG (34) . Our research established that SLUG induction knocks down plakoglobin gene expression and thus increases the motility of the cells, thus contributing toward the understanding of how extracellular signals influence the metastatic behavior of aggressive breast cancer cells. Because SLUG and plakoglobin levels are inversely related in other cancers including pancreatic and colorectal cancers as well (39, 40) , our findings will also help in the mechanistic evaluation of metastatic progression of other cancers.
